We sampled female Nannopus palustris Brady, 1880, from the North Inlet Estuary, South Carolina, U.S.A., monthly for a year to determine seasonal variation in a female polymorphism previously described. Two fat morphs (one with a notched and one with a straight basal region of the terminal seta of the caudal ramus) and a thin-bodied, previously unknown, morph were present sympatrically in different relative frequencies throughout the year. Total abundances peaked in February and were lowest in the summer. All three morphs differed significantly in width, but only females with notched terminal setae were significantly shorter in body length than thin and fat females. Genetic analyses of mitochondrial (cytochrome b) and nuclear (D3 expansion segment of 28S rDNA) genes demonstrated that the females with notched terminal setae were distinct from the thin and fat females with straight terminal setae, and the latter two shared common alleles. Concordance between mitochondrial and nuclear gene trees supports that notched females are a separate species from the thin and fat forms with straight terminal setae. We have yet to find a male with a notched basal region of its principle terminal setae or any male sharing alleles in common with notched females.
Marine invertebrate species inhabiting wide geographic ranges may show distinct differences in morphology in differing regions, suggesting potentially unrecognized genetic variation between forms (Knowlton, 1993 (Knowlton, , 2000 . Populations of the epibenthic, harpacticoid copepod, Nannopus palustris Brady, 1880, have been noted to exhibit morphological polymorphisms, worldwide (Lang, 1948; Wells, 1971) . As an estuarine species, N. paulstris is plastic in its tolerance to a wide variety of environmental conditions (i.e., eurythermal and euryhaline), with a reported range that extends from the tropics to the Arctic (Wells, 1971) . Considering its cosmopolitan range, apparently limited dispersal, and apparent tolerance to a wide range of environmental conditions, it is not unreasonable to expect morphological and possibly genetic diversity even at localized scales.
Nannopus palustris populations inhabiting North Inlet, South Carolina, U.S.A., are known to have morphological variation in adult females. Coull and Fleeger (1977) found approximately 70% of females possessed straight terminal setae and 30% possessed an unusual notch on the basal part of each principle terminal seta of the caudal ramus (Fig. 1c) . Similar notched morphology was noted previously in females of populations from Norway and Germany (Sars, 1909, and Klie, 1929, respectively) . Sars (1909) illustrated only a notched version of the female N. palustris from Norway, which is also drawn as being gravid. Sars did not illustrate the male caudal ramus. In all reports where morphological variation within N. palustris populations was noted, variation was assumed to represent polymorphism within the species (Por, 1968; Wells, 1971; Coull and Fleeger, 1977) .
In South Carolina, Nannopus palustris has a predictable seasonal pattern of occurrence (Bell, 1979; Coull et al., 1979; Coull and Dudley, 1985) . To further investigate seasonal occurrence of the female polymorphism within this cycle, we qualitatively sampled N. palustris monthly for a year. Sampled females revealed two sexually mature body forms (fat and thin) that had previously not been described (Fig. 1a, b) , as well as the third notched morphotype (Fig. 1c) previously noted by Coull and Fleeger (1977) . During the course of this study, ''notched'' males were never encountered.
In the last decade, issues involving sibling species and cryptic speciation have come to the forefront in marine invertebrate research (Knowlton, 1993 (Knowlton, , 2000 . Molecular genetics allows for analysis of speciation in marine invertebrates independent of morphological, behavioral, and ecological data. A previous study on meiobenthic harpacticoids (Rocha-Olivares et al., 2001) found large amounts of genetic change among sampled populations (25% for cytochrome oxidase I and 36% for 16S rDNA), part of which is associated with morphological changes in leg setation. However, morphological variation in Nannopus palustris is not associated with changes in appendage setation, which is a widely accepted unit for species-level diagnoses in harpacticoid copepods (Huys et al., 1996) .
To investigate the genetics of variation in Nannopus body form, representatives of each morph were sequenced for a mitochondrial and nuclear gene to assess possible reproductive isolation. The mitochondrial gene (cytochrome b apoenzyme; cytb) and the nuclear gene (D3 expansion segment of the 28S rDNA) were amplified and sequenced from adult N. palustris individuals. Cytb is an appropriate marker because it contains sufficient diversity to address intra-and interspecific phylogeny in invertebrates (Collins et al., 1996; Merritt et al., 1998) . 28S rDNA is characterized by alternating regions of highly variable expansion domains and conserved core segments. The D3 expansion segment of the 28S rDNA (D3) used for this study has been successfully applied to closely related species of flatworm (Litvaitis et al., 1994) . Fixation of different alleles for both mitochondrial and nuclear loci of different copepod forms would result from reproductive isolation for a significant period and, therefore, would indicate that these morphs are on independent evolutionary tracks. As they are recognizable by subtle morphological differences, the different forms would be described as ''pseudo-sibling species'' (Knowlton, 1993) . Additional samples were taken several times over two years, at peak ''notched'' female abundance periods, to search for correlated genetic variation in males alone.
MATERIALS AND METHODS
Sampling Location.-Sampling was conducted monthly in Kinorhynch Creek, a very small intertidal creek that runs beneath the boardwalk at Oyster Landing, North Inlet, South Carolina (338179550N, 798139140W). Kinorhynch Creek is not an official name of this creek, but it is so designated because it is the same site sampled by Higgins and Fleeger (1980) . This site was chosen for its sloping (20% grade) mud flat, just below the Spartina alterniflora line, which is the preferred habitat of N. palustris in South Carolina (Coull et al., 1979) .
Copepod Samples.-Nannopus palustris were qualitatively sampled at low tide by removing mud above the anoxic (redox) layer (approximately the upper 0.5 cm of substrate), by hand. Areas !10 m 2 were collected during each sampling period. Mud was immediately passed through a 500-lm sieve to remove excess detritus and a 125-lm sieve. The fraction retained on a 125-lm sieve was transported to the laboratory and placed in 28-quart plastic bins (56 cm L 3 41 cm W 3 15 cm H) in a dark room with aeration. Because individuals of N. palustris are positively phototactic (Couch 1989) , copepods were collected by shining a point of fiber optic light on the 125-lm sieve fraction and pipetting the aggregation. Individual N. palustris were segregated by morphotype ( Morphological Analysis.-Measurements of length and width were conducted on individuals from each of the three morphs to determine if differences exist among each. We used an ocular micrometer to measure approximately thirty individuals of each of the three morphotypes in well slides to minimize distortion. Prior to measurements, individual copepods were placed in glycerol and allowed to equilibrate in the medium for approximately 24 h. To analyze the variation of length and width (separately) of the three morphotypes, a one-way analysis of variance (ANOVA, n ; 30 per type, a ¼ 0.05) with an a posteriori comparison of significant means (TUKEY test) was performed using SASÔ (release 8.02 for Windows 1999-2001, SAS Institute, Inc., Cary, North Carolina).
DNA Amplification and Sequencing.-DNA from female copepods was extracted according to the procedure of Schizas et al. (1997) except we used a 10-fold increase in proteinase K (10 lg per reaction). Individual copepods were incubated in 10 lL of 103 PCR buffer with 1 lL proteinase K (10mgÁml À1 ) at 558C for 3 h, followed by a treatment with 5 lL GeneReleaser Ò (BioVentures, Inc., Murphreeboro, Tennessee), according to manufacturers' protocols. Small aliquots (2-3 lL) of the extracted nucleic acids were utilized as template in the PCR amplifications (Saiki et al., 1988) .
DNA amplification and sequencing was done according to the methods of Schizas et al. (1999) . Briefly, cytochrome b apoenzyme (cytb) and ribosomal D3 segment rDNA (D3) amplifications used the conditions of: 50 mM KCl, 10 mM Tris-HCl, 2.5 mM MgCl 2 , pH 8.3, 200 lM dNTP, 5 pmol forward and reverse primer, and 1 unit Taq DNA polymerase. The cytb primers used were cytb424 (GGW TAY GTW YTW CCW TGR GGW CAR AT) and cytb876 (GCR TAW GCR AAW ARR AAR TAY CAY TCW GG), which were donated by Jeff Boore of the U. S. Department of Energy Joint Genome Institute, Palo Alto, California. The D3 primers used were D3A (GAC CCG TCT TGA AAC ACG GA) and D3B (TCG GAA GGA ACC AGC TAC TA) (Litvaitis et al., 1994) . Template DNA and negative controls were initially denatured at 948C for 3 min followed by 10 cycles of 948C for 30 s, 478C for 30 s, and 728C for 45 s. This protocol was followed immediately by 30 cycles of 948C for 30 s, 538C for 30 s, and 728C for 45 s. A small aliquot (5 lL) of the amplifications was loaded on a 1.5% agarose gel, stained with ethidium bromide, and visualized under a UV lamp. Prior to sequencing, products were purified by polyethylene glycol precipitation (Kusukawa et al., 1990) . Purified products were cycle sequenced using standard protocols (PRISM dye-terminator chemistry; Applied Biosystems, Foster City, California). The nucleotide sequence was determined using an ABI 377 automated sequencer (Applied Biosystems, Foster City, California). Sequences are available from GenBank (Accession No. DQ027827-DQ027895).
Phylogenetic Analysis.-Sequences were concatenated and edited using Sequencher 4.1Ô (GeneCodes, Ann Arbor, Michigan). Final sequences were aligned to one another by eye. A distance-based network of genes was established using the HKY85 and Kimura 2-parameter distances for cytb and D3, respectively, in PAUP*4.0b10 (Swofford, 2002) . The networks were constructed independently for each locus in females in order to determine any segregating genetic patterns between the three morphotypes for either mitochondrial or nuclear genes.
Presence of Cryptic Males.-A subsequent restriction-digest assay was developed to assess quickly the nuclear type belonging to notched and nonnotched forms. Npa III is an enzyme that cleaves the D3 fragment of notched forms once and non-notched forms twice to produce a diagnostic RFLP pattern. One hundred males were collected during four occasions between February 2003 and April 2004 for extraction and PCR followed by the restriction-digest assay. Digests were visualized on 2% TBE-agarose gels.
RESULTS

Seasonal Morphological
Variation.-For each month's samples from North Inlet, relative frequencies of the three adult female morphs were noted, as well as relative abundance (Fig. 2) . The most frequently occurring morph was the fat Fig. 3 . Length (A) and width (B) of three morphs of Nannopus palustris from North Inlet, South Carolina. Note that the thin (n ¼ 28) and fat morph (n ¼ 30) means are not significantly different in length from one another, but that notched morph (n ¼ 30) is significantly shorter than the thin and fat morphs (TUKEY test significant differences between means, a ¼ 0.05; SAS Institute, Inc., Cary, North Carolina). Note that the thin, fat and notched females (n as in Fig. 3 ) are all significantly different in width from one another (TUKEY test significant differences between means, a ¼ 0.05; SAS Institute, Inc., Cary, North Carolina). female morph, comprising ;90% of the total number of individuals found throughout the year. This morph was also commonly found gravid (approximately 70% occurrence) throughout the sampling period. The peak frequency of the fat morphotype was during July (100% of all specimens), while the lowest abundance (73%) was in October. The low abundance in October coincided with the peak frequency of the thin morphs (26.2%). While our extraction technique was not quantitative, total N. palustris numbers collected were lowest in the summer months (range 14-67 individuals) and almost two orders of magnitude higher in abundance in the winter collections (peak ¼ 946 individuals in February) for similar sampling effort (Fig. 2) . For the notched morphotype, the peak frequency (8.2%) occurs in February. Notched females were collected even at the lowest total abundance in September (n ¼ 14), although their relative frequency based on low total numbers is imprecise.
Morphological Results.-A one-way analysis of variance (a ¼ 0.05) on lengths and widths of the three morphs indicated significant differences among specimens (SAS, release 8.02 for Windows 1999-2001, SAS Institute, Inc., Cary, North Carolina). An a posteriori test of mean widths indicated that all three morphs (Fig. 3B) were significantly different from one another (TUKEY test, a ¼ 0.05). However, a comparison of mean lengths revealed the thin and the fat morphs were not significantly different (Fig. 3A) , although both were significantly different in length from the notched morph (TUKEY test, a ¼ 0.05). All notched females were nongravid and had a set of fine setules distal to the notch structure not present on straight morphs (Fig. 6A) .
Phylogenetic Results.-Nannopus palustris specimens from each morphotype were sequenced for cytb and D3. Sequences for both genes were obtained from the same individuals with a few exceptions. A total of 281 bp of cytb and 300 bp of D3 were sequenced from each individual.
Cytb haplotypes indicated that the fat and thin forms are not genetically distinct; both forms shared several haplotypes (Fig. 4) . However, the notched forms shared no Fig. 4 . Tree of cytb haplotypes using Neighbor joining of HKY85 distances in PAUP*4.0b10 (Swofford, 2002) . Notched females are more than 80 nucleotides different from the thin/fat female cluster.
common haplotype with the fat and thin forms (average of more than 80 nucleotides, or 28%, different).
D3 haplotypes indicated that the fat and thin adult females are genetically indistinguishable from one another (Fig. 5) . Conversely, notched morphs are genetically distinct from the fat and thin forms. A distance of 0.025 (Kimura 2-parameter distance) separates the D3 sequence clusters for notched and straight individuals. The eight variant sites, plus one indel, out of 300 nucleotides sequenced demonstrates complete reproductive isolation of the nuclear genomes of notched and the non-notched forms.
Presence of Cryptic Males.-The 100 males tested shared no D3 alleles with the ''notched'' females, as analyzed by RFLP analysis.
DISCUSSION
In past treatments of its morphological variation, Nannopus palustris was assumed to be a single, cosmopolitandistributed species. Researchers did not suspect that the different morphs based on the terminal setae of the caudal ramus were diagnostic features for different species (Wells, 1971; Coull and Fleeger, 1977) . Differences noted among locations (Wells, 1971) and within a location (Coull and Fleeger, 1977) were assumed to arise from N. palustris being a ''highly variable species'' (Wells, 1971: p. 516) . It is now clear from genetic and morphological patterns that N. palustris is composed of pseudo-sibling species and also possesses significant, yet previously unrecognized, gross anatomical polymorphism within one of these siblings. The large degree of divergence in mitochondrial cytb, alone, is suggestive of long-term reproductive isolation, probably on the order of hundreds of thousands to millions of generations, although the precision of estimates and their meaning on length of isolation are highly debated (Bromham and Penny, 2003; Graur and Martin, 2004; Hedges and Kumar, 2004) . The congruent pattern of divergence of the nuclear D3 segment between notched and straight females supports the conclusion of reproductive isolation between the two female groups. The absence of allelic differences between the thin and fat females possessing straight terminal setae suggests that polymorphism of body size occurs within groups of individuals that frequently interbreed. Identical sequences among individuals within groups for the nuclear D3 segment might be expected given the potential for gene conversion of ribosomal RNA within frequently mating individuals. Fig. 5 . Tree of D3 expansion segment of 28S rDNA using Neighbor joining of Kimura 2-parameter distances in PAUP*4.0b10 (Swofford, 2002) . Note that thin and fat females are fixed for the same allele which is distinct from the notched-female allele.
Previous genetic work on harpacticoid copepods has found high genetic diversity within populations (Burton, 1997 (Burton, , 1998 Schizas et al., 1999 Schizas et al., , 2002 Staton et al., 2001) and between pseudo-sibling species (Rocha-Olivares et al., 2001) . In the latter case, large genetic distances were associated with sympatric individuals that possessed seemingly slight morphological and microhabitat preferences (i.e., salinity). The distances between forms were similar in magnitude compared to other groups of crustaceans previously studied (Rocha-Olivares et al., 2001) .
The large genetic distances reported in Rocha-Olivares et al. (2001) among pseudo-sibling species (formerly all recognized as Cletocamptus deitersi) were not surprising, in part, given that variation in setal counts were noted on the third leg of one of the four recently described species (Gómez et al., 2004) . Other species now named in this complex also show gross differences in adult size and anatomy (Gómez et al., 2004) . In harpacticoid systematics, setal formulae are one of the main criteria for species diagnosis (Wells, 1976; Huys and Boxshall, 1991; Huys et al., 1996) . However, the forms analyzed in this paper are identical in setal number, although, world-wide, the species varies in leg setation (Wells, 1971 ). Furthermore, measurable changes in gross morphology do not always correlate with genetic changes in N. palustris of North Inlet Estuary, South Carolina (e.g., the thin and fat females with straight terminal setae). Given the large genetic distances associated even between forms of N. palustris not varying in setal number, we can only surmise that this copepod species represents a cosmopolitan species complex whose component members may significantly differ at reproductive, physiological, and ecological levels.
We never found males with notched caudal rami. The 100 males collected in 2003 and 2004 all possessed the same nuclear types as females with straight caudal rami. There are three possible reasons for the lack of ''notched'' males: 1) males with notched caudal rami may occur in such low frequencies that our sampling effort did not find them, 2) males occur elsewhere and do not migrate with the females, or 3) some males without a notch are genetically identical to ''notched'' females (i.e., cryptic males). While the likelihood of cryptic males being present and not sampled is low, it is still possible that unsampled, cryptic males could be present at frequencies of lower than 0.01 of total males (1 in 100).
Although none of the notched females were collected with eggs at any time in our study, several notched females possessed empty, attached spermatophores (Fig. 6) . Also, most notched females appeared to be in poorer physical condition at the time of collection (e.g., worn terminal setal tips, Fig. 1c) . From this we surmise that these females may have mated and reproduced in other adjacent areas and possibly represent senescent individuals that have immigrated to the primary habitat of the straight-caudal rami species. In this case, the slope below the Spartina line could represent a sink for postreproductive notched females since their preferred habitat is unknown. This is significant in that previous studies (Bell, 1979; Coull et al., 1979; Coull and Dudley, 1985) establish the sampled area as typical of the preferred habitat for the currently recognized species N. palustris. We cannot exclude other possibilities (e.g., egg inviability from hybridization with straight-caudal rami males, parthenogenesis with conspecific egg activation, etc.); however, these hypotheses require many added assumptions that are not supported (i.e., no observation of full spermatophores attached to notched females, lack of egg masses on notched females, etc.).
Nannopus palustris as now defined is clearly not one species. Our finding of clear genetic differences within a small sampling area suggests that the wide-spread variation previously reported as geographic variation (Por, 1968; Wells, 1971) is not just polymorphism within this ''cosmopolitan,'' numerically abundant and trophically important species (Feller et al., 1990) . We are collecting N. palustris from various parts of the world and will continue comparing morphologies and genetics. In a few years we hope to have a more comprehensive assessment of the worldwide genetic variation in this ubiquitous species. 
